I. INTRODUCTION
The argon-methane intermolecular potential surface has been the subject of numerous experimental and theoretical studies. Traditional bulk methods have been used to determine potentials for this system, including the measurement and fitting of diffusion coefficients, [1] [2] [3] viscosities, 4-6 second virial coefficients [7] [8] [9] [10] and thermal diffusion factors. 11, 12 The difficulty with all of these data is that it does not provide enough detail for the determination of all of the features of the associated multidimensional potential, such that often it is only the effective, spherical potential that is determined. The more recent scattering experiments for Ar-CH 4 ͑Refs. 13-16͒ provide somewhat more information on the potential anisotropy, as have the results of rotational relaxation experiments. 17, 18 The most recent experimental work on this system comes from Chapman et al. 19 who have measured the state-to-state integral cross sections for rotational excitation of methane upon collision with argon. Comparison between these data and the calculated results based upon the empirical potential developed previously by Buck et al. from total differential scattering 14 and energy loss measurements 15 was quite reasonable, although there are still significant differences for several of the cross sections.
A number of ab initio studies of this system have also been reported, although until recently a full potential was not available. The long range dispersion coefficients were reported by Fowler et al., 20 while Szczesniak et al. 21 more recently calculated a few slices through the potential using MP2 methods with a relatively small basis. The most complete study to date is that of Heijmen et al. , 22 who made use of symmetry adapted perturbation theory to compute enough points on the surface to enable them to fit the surface to an analytical potential. This potential has been shown to reproduce much of the experimental data that are currently available and is probably the best existing potential for Ar-CH 4 .
It is now well known that the spectroscopy of weakly bound complexes can provide detailed information on the associated potential energy surfaces and in particular is sensitive to the anisotropy when the molecular sub-units undergo internal rotation or tunneling. The theoretical framework needed to calculate such a spectrum has been presented in a companion paper, paper I. 23 In that work we showed that the ab initio potential of Heijmen et al. 22 gave a spectrum that agreed qualitatively with the experimental results. In the present paper we give a more complete discussion of the experimental results and present detailed comparison with the results of the theoretical calculations. The agreement is sufficient to assign most of the experimental spectrum. Nevertheless, the agreement is not quantitative and there is clearly room for further improvement of the potential surface, as discussed later. The vibrational predissociation dynamics of the Ar-methane system is also discussed in terms of the observed linewidths associated with various bands in the spectrum.
II. EXPERIMENTAL METHOD
The optothermal method is based upon the detection of the molecular beam energy change resulting from vibrational excitation of the molecules of interest using a thermal bolometer detector operated at liquid helium temperatures. 24 In the case of stable molecules, the bolometer is placed on the molecular beam axis and the signal results from the increase in molecular vibrational energy upon laser excitation. In the case of weakly bound complexes, the intramolecular vibra-tional energy is often sufficient to dissociate the complex, such that the fragments are ejected from the beam. As a result, the detector can be positioned either on the beam to detect the associated decrease in the molecular beam intensity or slightly off-axis to detect the fragments. 25 In the present study the optimum molecular beam conditions were obtained with a relatively high concentration of argon, and in the first of these detection methods argon tends to build up on the detector, reducing its sensitivity over time. As a result, the spectrum reported here was obtained with the bolometer positioned off the molecular beam axis to detect the photofragments resulting from vibrational predissociation of the complex. A complete description of the experimental method, including the methods used for frequency calibration of the spectrum, can be found elsewhere. 25 The argon-methane complex was formed by expanding a 2% mixture of methane and 30% argon in a helium carrier gas from a source pressure of 600 kPa. The 50 m diameter nozzle was operated at room temperature. The central portion of the expansion was sampled by a 0.4 mm diameter skimmer to form the molecular beam. The spectrum was obtained by tuning an cw infrared F-center laser through the ro-vibrational transitions with the bolometer positioned to view the photolysis volume. Since the dissociation lifetime of this complex is in the nanosecond range, the parent molecules do not move appreciably before they dissociate. A Herriott cell arrangement 26, 27 was used to multipass the laser with the molecular beam approximately 60 times within the region viewed by the bolometer.
III. EXPERIMENTAL RESULTS
The asymmetric C-H stretch of methane is located at 3019.5 cm
Ϫ1
, 28 which is well within the tuning range of the F-center laser. Given the weakness of the interaction between the methane and argon, we can anticipate that the corresponding vibrational band origin will not be significantly shifted from that of the monomer. We can also anticipate that this complex will be a nearly free internal rotor ͑see paper I͒, which when combined with the fact that the jϭ0, 1 and 2 states will all be populated, due to nuclear spin considerations which make them all uncoolable, it is not surprising that the spectrum spans a fairly wide range of frequencies, as is evident in the experimental spectrum shown in Fig. 3 of paper I. In the center of the spectrum, near the R(0) transition of the monomer, there is a very intense band that is also quite broad, presumably due to vibrational predissociation. Fortunately, many of the other bands in the spectrum are well resolved, showing individual ro-vibrational transitions. At the low frequency end of the spectrum there is a sub-band that is coincident with the P(1) transition of the monomer and between this and the R(0) band is a group of transitions that correlate with the monomer Q branch. To the high frequency side of R(0), the spectrum clearly becomes more complicated and in the absence of the theoretical calculations it is not obvious how to even qualitatively assign the sub-bands, although we can presume that they correlate with the R(1) transition of the monomer. This qualitative assignment of the experimental spectrum already suggests that the methane molecule is nearly a free rotor in the complex, making a rigid rotor Hamiltonian inappropriate for describing this system. Without the aid of theoretical calculations that include both the internal rotational dynamics and the vibrational angular moment introduced by the 3 vibrational excitation, we were unable to make a detailed assignment of this spectrum. Although there are numerous progressions in the spectrum that can be assigned as P, R and Q branches, the spacings in these are quite irregular from one band to the next and cannot be fit using a simple set of rotational constants. Nevertheless, the theoretical calculations presented in paper I give a spectrum that is in excellent qualitative agreement with experiment, which we use here to carry out a more complete assignment of the spectrum. From this we are able to obtain a better understanding of which parts of the spectrum are sensitive to the details in the potential energy surface.
IV. SPECTROSCOPIC ASSIGNMENTS
All of the bands observed in the experimental spectrum are reproduced in the theoretical spectrum, and we will consider them one at a time. For this purpose the various bands have been labeled I through VII in Fig. 3 of paper I, consistent with the numbering scheme introduced in that paper. From the theoretical calculations we find that the most intense feature in the spectrum, namely the broad band near the R(0) transition of the monomer, primarily arises from the A-states ( jϭ0) ( j represents the internal rotor quantum number of the methane͒. As noted in the figure, there are also some weaker transitions in this region, assigned to the E-states ( jϭ2). Most of the other bands in the spectrum are associated with the F-states ( jϭ1). The transitions with these states are by far the narrowest in the spectrum, making them the best candidates for detailed assignment. We will therefore begin our discussion here. Figure 1 shows an expanded view of band II from 3017 cm Ϫ1 to 3023 cm
Ϫ1
. This band is assigned to F-states corresponding to jЉϭ1 and ⌬ jϭ0, namely correlating with the Q branch of the methane monomer. The lower panel shows the theoretical spectrum, obtained directly from the potential surface, along with the assignments given above the individual transitions. In the upper panel the experimental spectrum is compared with a calculated spectrum ͑inverted͒ that has been shifted in absolute frequency to give the best agreement with experiment. In this case the calculated spectrum had to be shifted by Ϫ0.311 cm Ϫ1 to match the experiment. Overall, the resulting agreement is excellent, certainly sufficient to assign most of the transitions in the experimental spectrum. Nevertheless, the agreement is not within the experimental uncertainties. In addition to the small discrepancies that are seen here, there is also the question of the overall shift of the band compared to experiment. This already suggests that the experimental spectrum contains sufficient information to aid in improving the potential surface by least squares fitting.
Individual transitions in this spectrum were fit to a Voigt profile, fixing the Gaussian component at the value determined by fitting the monomer transitions. All of the transitions in this sub-band were found to have Gaussian linewidths equal to that of the monomer, giving an upper limit on the Lorentzian broadening of Ͻ0.001 cm
. The frequency offset needed to bring experiment and theory into agreement, and the linewidth data, are summarized in Table  I , along with similar results for the other sub-bands. We will have more to say about the frequency shifts after having discussed the results for the other sub-bands.
The second band associated with the F-states is band IV, which is shown on an expanded scale in Fig. 2 , namely from 3029.5 cm Ϫ1 to 3034 cm
. This is the first of four bands that correlate with the R(1) transition of the methane monomer, namely r(1) or jЉϭ1 and ⌬ jϭ1. Once again, the calculated spectrum is shown in the lower panel, while the upper panel shows a comparison between the experimental and the shifted theoretical spectra. The main R branch in this spectrum is clearly assigned, although it is interesting to note that spacing between the transitions is slightly smaller in the calculation than in the experiment. In a rigid rotor picture where the spacing between the R branch transitions is simply twice the rotational constant of the complex, this would imply that the vibrationally averaged separation between methane and argon on the theoretical potential surface is somewhat larger than that implied by the experimental spectrum. Nevertheless, we are hesitant to push this argument very far until a complete fit can be carried out since the present calculation is based upon the assumption that the potential in the vibrationally excited state is the same as the ground state, which may not be the case. Therefore, it is difficult to separate the errors that come from problems with the ground state surface and those that come from neglecting the effects of vibrational excitation on the potential surface. In this sub-band the frequency shift required to bring the experimental and calculate spectra into agreement was Ϫ0.1060 cm
. It is already clear from inspection of the linewidths associated with the transitions in Fig. 2 that there is significant broadening compared with that imposed by the instrument. In this case the Voigt fitting revealed a FWHM Lorentzian linewidth of 0.0115 cm
, at least one order of magnitude greater than that observed in band II. Figure 3 shows the region from 3034.5 cm Ϫ1 to 3038 cm
, corresponding to band V in Fig. 3 . The inverted stick spectrum is the theoretical spectrum of ͑b͒, red shifted by Ϫ0.311 cm Ϫ1 . ͑b͒ Calculated spectrum (F-states͒ in this region ͑band II͒. Lines indicated by ϩ symbols correspond to ͉K͉:1→1 transitions with ⌬Jϭϩ1, the leftmost one being the R(1) line.
FIG. 2. ͑a͒ Experimental spectrum in the region 3029.5-3034 cm

Ϫ1
. The inverted stick spectrum is the theoretical spectrum of ͑b͒, red shifted by Ϫ0.1060 cm
. ͑b͒ Calculated spectrum (F-states͒ in this region ͑band IV͒.
Many of the transitions in band VI can again be assigned with the aid of the theoretical calculations, as shown by the expanded spectrum in Fig. 4 from 3038 cm Ϫ1 to 3041 cm Ϫ1 . In this case there appear to be two sets of transitions, all assigned as r (1) , that are shifted relative to one another, so that two insets are shown in the inverted stick spectrum, corresponding to shifts of Ϫ0.550 cm Ϫ1 for the left hand section and Ϫ0.6768 cm Ϫ1 for the right hand portion. For both of these bands the Lorentzian linewidths were determined to be 0.0030 cm
. Even with these two shifts there are transitions that do not line up very well in the experimental and calculated spectra, particularly at the higher frequencies. Figure 5 shows the final sub-band ͑band VII͒ associated with the r(1) group, covering the range 3041-3043 cm , the broadening present in the experimental spectrum prevents detailed assignment. Although by far the more intense transitions in this region are associated with the A-states ͓see Fig. 6͑b͔͒ , weaker E-state transitions are also present ͓Fig. 6͑c͔͒. It is not at all clear which transitions are associated with which bands in this region and we are only able to make a very rough estimate of the broadening of these transitions, namely a FWHM Lorentzian linewidth of Ͼ0.01 cm
. The final region of the spectrum to be examined in detail is near the P(1) transition of the monomer ͑band I͒, shown in Fig. 7 from 3005 to 3013 cm
. It is here where we find the greatest disagreement between experiment and theory. Although the bands are in the same general region of the spectrum, the detailed assignments are far from obvious. It is interesting to note that in the experimental spectrum there are apparently two different types of transitions, namely the sharp ones to the red and the broader peaks to the blue. The fact that they have different linewidths suggests that they are from different symmetry states. The lower two panels show that there are indeed two bands in this region, one arising from E-states ͓Fig. 7͑c͔͒ and the other from F-states ͓Fig. 7͑b͔͒. Although we cannot offer a definitive assignment at this point, the relative positions of the calculated bands seem to indicate that the sharp lines in the lower frequency part of this spectral region are due to the E-states, and the broader structure at higher frequencies to the F-states. Additional . The inverted stick spectrum is the theoretical spectrum of ͑b͒, red shifted by Ϫ0.4231 cm
. ͑b͒ Calculated spectrum (F-states͒ in this region ͑band V͒. Note that there are two series of ͉K͉:1→2 transitions, both for the Q and the R branch.
FIG. 4. ͑a͒ Experimental spectrum in the region 3038-3041 cm
Ϫ1 . The inverted stick spectrum is the theoretical spectrum of ͑b͒, red shifted by Ϫ0.550 cm Ϫ1 ͑left part͒ and by Ϫ0.6768 cm Ϫ1 ͑right part͒. ͑b͒ Calculated spectrum (F-states͒ in this region ͑band VI͒. Note that there are two series of ͉K͉:1→2 transitions, both for the Q and the R branch. guidance concerning which band is which is provided by the linewidths. In Sec. VI we discuss the VϪV dissociation channel into Ar and 1 excited CH 4 . This channel is open for the F-states excited in band Ia ͓Fig. 7͑b͔͒, but not for the E-states excited in band Ib ͓Fig. 7͑c͒; see Fig. 4 of paper I͔. Therefore, it seems most appropriate to assign the sharp features in the experimental spectrum near 3007 cm Ϫ1 to the E-states. Nevertheless, a complete assignment of this region will require fitting the other bands in the hopes that an improved potential will help in this process. In addition, further experimental work on other methane isotopes could be of considerable help in refining the potential energy surface.
V. DISCUSSION
Although the fitting of the above experimental spectra will require a great deal of work that is beyond the scope of the present study, it is important to gain some appreciation for the sensitivity of the spectroscopy presented here to the details of the potential surface, particularly given that the agreement between the two is not perfect. As discussed in paper I, the splittings of the A, F, and E levels can be explained to a good approximation by considering only the leading anisotropic V 3 term in the potential. The higher order anisotropic terms and the vibrational dependence of the potential are expected to merely give rise to small deviations.
From the analysis given in paper I, it follows that the E levels are split in first order by this V 3 term, while the A-and F-states are only split in second order. The E levels with ͉K͉ϭ1 and 2 near Ϫ68 and Ϫ64 cm Ϫ1 , respectively, are the result of a downward shift of approximately 10 and 5 cm Ϫ1 , respectively, and this shift is linear in V 3 . Hence, if the absolute value of V 3 increases by 10% these E levels will be lowered by Ϸ1 and 0.5 cm
Ϫ1
. For the spectrum this will imply that all E lines are shifted to higher frequencies by Ϸ1 cm . ͑b͒ Calculated spectrum for A-states in this region ͑band IIIa, cf. Fig. 4 of paper I͒. Lines indicated by ϩ symbols correspond to ͉K͉:0→1 transitions with ⌬JϭϪ1, the rightmost one being the P(2) line. ͑c͒ Calculated spectrum for E states ͑band IIIb, cf. Fig. 4 of Paper I͒.
since the final states have van der Waals components which are predominantly of E symmetry with ͉K͉ϭ1 and 2. As noted above, the transitions associated with the E levels are not accurately assigned, making comparison between theory and experiment difficult. On the other hand, the fact that these levels are sensitive to V 3 to first order suggests that small changes in the latter could move the E levels in band I substantially and may account for the differences discussed previously in this region. Overall, however, the band shifts between the experimental and calculated results tend to be small, suggesting that the V 3 anisotropy of the current ab initio SAPT potential is quite reasonable.
VI. VIBRATIONAL PREDISSOCIATION DYNAMICS
As summarized in Table I , the homogeneous linewidths observed in the argon-methane spectrum vary by more than an order of magnitude from one band to another, while within each band we find that the widths are essentially constant. Due to symmetry considerations, the final rotational states of the methane fragment that are accessible depend upon the initial state of the complex that is excited. It therefore seems likely that the strong dependence of the lifetimes upon which band is excited is in some way related to these selection rules. However, in the absence of a detailed assignment of the final state distributions for these various excited states, we have been unable to obtain a detailed explanation of the results. The problems we encountered are worth considering in some detail.
It is interesting to note that the symmetric C-H stretching vibration of methane ( 1 mode at 2916.5 cm
Ϫ1
) is lower in energy than the 3 mode we are exciting here. As a result, it follows from the dissociation energies determined in paper I (ϷϪ90 cm Ϫ1 for the A-states, ϷϪ81 cm Ϫ1 for the F-states, and ϷϪ68 cm Ϫ1 for the E-states͒ that the VϪV dissociation channel into Ar and 1 excited CH 4 is open for all the states excited in our infrared spectrum, except those excited in band Ib ͑see Fig. 4 of paper I͒. One might expect that this channel would dominate the excited state lifetimes. Evidence for this asymmetric to symmetric stretch VϪV energy transfer certainly exists for other systems, including Ar-H 2 O. 29 The problem is that this dissociation mechanism does not really provide any insights into the dependence of the lifetimes on the excited state. For example, it is interesting to note that in this VϪV picture for the dissociation, the excited states associated with bands II and IV would both have to dissociate into the jϭ1(F) state of the monomer. Since the energy gap is greater for the states excited in band II than for the states excited in band IV, and ⌬ jϭ0 for the former while ⌬ jϭ1 for the latter ͑changing the methane rotational state is not particularly easy given its large rotor constant͒, there is ample reason to expect that the lifetime associated with band II would be shorter than for band IV. As Table I shows, the opposite is observed experimentally. Careful inspection of all of the lifetimes revealed no trends that we could explain using this mechanism. Thus we conclude that the lifetimes do not provide any clear evidence for FIG. 7 . ͑a͒ Experimental spectrum in the region 3005-3013 cm
. The inverted stick spectra are the theoretical spectra of ͑b͒ and ͑c͒. ͑b͒ Calculated spectrum for F-states in this region ͑band Ia, cf. Fig. 4 of Paper I͒. Lines indicated by ϩ symbols correspond to ͉K͉:1→0 transitions with ⌬Jϭ ϩ1, the leftmost one being the R(1) line. ͑c͒ Calculated spectrum for E-states ͑band Ib, cf. the above VϪV channel. Nevertheless, it does not exclude it either and a definitive experimental answer to this question will require the direct measurement of the final state distributions, which will be the subject of future photofragmentation studies. Theoretical work is also underway in an effort to calculate the final state distributions based upon a potential surface that includes the intramolecular degrees of freedom.
VII. SUMMARY
In this paper we have made use of the theoretical calculations reported in paper I to assign most of the transition in the experimental spectrum of argon-methane. These results clearly show that the methane molecule undergoes nearly free rotation within the complex. Due to the nuclear spin symmetry that gives rise to three uncoolable internal rotator states, the observed states extend to quite high energy in the potential and sample a significant fraction thereof. The present results clearly show that there is room for future ͑small͒ improvements to the potential surface, perhaps using semi-empirical fitting methods, given that the various subbands in the calculated spectrum are shifted relative to experiment and the calculated spacing between transitions in the various sub-bands do not agree quantitatively with the experimental results. In particular, the issue of how much of the difference between the experiment and theory is due to the change in the potential upon vibrational excitation needs to be addressed. Work is therefore also underway to produce an even better quality ab initio surface that includes the intramolecular C-H stretching coordinates so that the excited state potential can also be calculated. Such improvements to the theoretical work should help in determining the source of the discrepancies noted above.
The vibrational predissociation lifetimes determined from the linewidths are also of considerable interest. As noted above, these differences are most likely due to the fact that the final states available from the various initial states are different, again owing to the nuclear spin symmetries involved. We are also planning further experimental work in this area, to measure the photofragment internal state distributions using methods discussed elsewhere. 30, 31 The new potential surface that includes the intramolecular stretching coordinates will also enable us to calculate final state distributions for comparison with experiment.
